Podocarpaceae is the largest family in cupressophytes (conifers II), but their plastid 31 genomes (plastomes) are poorly studied, with plastome data currently existing for 32 only four of the 19 Podocarpaceous genera. In this study, we assembled the 33 plastomes from representatives of eight additional genera, including Afrocarpus, 34 Dacrydium, Lagarostrobos, Lepidothamnus, Microstrobos, Phyllocladus, Prumnopitys, 35 and Saxegothaea. We found that Lagarostrobos, a monotypic genus native to 36 Tasmania, has the largest plastome among any cupressophytes studied to date 37 (151,496 bp). Plastome enlargement in Lagarostrobos coincides with increased 38 intergenic spacers, repeats, and duplicated genes. Among Podocarpaceae, 39 Lagarostrobos has the most rearranged plastome, but its substitution rates are 40 modest. Plastid phylogenomic analyses clarify the positions of previously conflicting 41 Podocarpaceous genera. Tree topologies firmly support the division of 42 Podocarpaceae into two sister clades: (1) the Prumnopityoid clade and (2) the clade 43 containing Podocarpoid, Dacrydioid, Microstrobos, and Saxegothaea. The 44 Phyllocladus is nested within the Podocarpaceae, thus familial status of the 45 monotypic Phyllocladaceae is not supported. 46 47
Introduction
Plastid genomes (plastomes) of seed plants have an average size of 145 kb and 52 contain highly conserved structure, including two large inverted repeats (IRs) and 53 two single copy (SC) regions (Jansen and Ruhlman, 2012) . In seed plants, the smallest 54 plastome was found in a parasitic plant, Pilostyles (11 kb; Bellot and Renner, 2015) , 55 while the largest one resides in Pelargonium transvaalense (242 kb; Tonti-Filippini et 56 al., 2017) with the IR longer than 70 kb. Plastid gene order is highly syntenic among 57 seed plants (Jansen and Ruhlman, 2012) , except for some lineages, such as Jasminae 58 (Lee et al., 2007) , Trifolium subterraneum (Cai et al., 2008) , Trachelium caeruleum 59 (Haberle et al., 2008) , Geraniaceae (Guisinger et al., 2011) , and cupressophytes (Wu 60 and Chaw 2014 Chaw et al. 2018) . In Geraniaceae, the degree of plastomic 61 inversions is positively associated with the repeat abundance and their sizes (Weng 62 et al., 2014). Moreover, nucleotide substitution rates and inversion frequencies are 63 positively correlated in the plastomes of Geraniaceae (dN only; Weng et al., 2014) 64 and cupressophytes (both dN and dS; Wu and Chaw, 2016) . 65 Generally, plastid protein-coding genes are single copy, except those in IRs (Xiong 66 et al., 2009). Seed plant IRs vary in size from 20 to 30 kb (Palmer, 1990) , and their 67 expansion or contraction influences the number of duplicate genes as well as 68 plastome size. Typically, 15-17 duplicate genes are located in the IR of seed plants 69 (Zhu et al., 2016) . However, extreme IR contraction or expansion has led to only one 70 or even >50 genes located in the IR of Pinaceae (Wakasugi et al. 1994; Lin et al., 71 2010; Sudianto et al., 2016) or Pelargonium x hortorum (Chumley et al., 2006) , 72 respectively. Outside the IR, plastid gene duplication has been reported in Pinus 73 thunbergii (Wakasugi et al., 1994) , Trachelium caeruleum (Haberle et al., 2008) , 74 Euglena archaeoplastidiata (Bennett et al., 2017) , Monsonia emarginata (Ruhlman et 75 al., 2017), and Geranium phaeum and G. reflexum (Park et al., 2017) . Nevertheless, 76 mechanisms underlining gene duplication in SC regions remain poorly known. 77 Having lost their IR (Wu et al., 2011) , cupressophytes (conifers II) offer excellent 78 resources to study the evolution of plastome size and gene duplication that are 79 irrelevant to IR expansion or contraction. It has been revealed that in 80 cupressophytes, synonymous substitution rates are negatively correlated with 81 plastome size , in agreement with the mutational burden 82 hypothesis (Lynch, 2006) . In addition, the cupressophyte plastomes are highly 83 rearranged with the lowest GC-content among gymnosperms (Chaw et al., 2018 (Keng, 1977 (Keng, , 1978 Molloy, 1996; Page, 1990) . Nonetheless, various 103 molecular phylogenetic studies congruently held the genus belonging to (Table S1 ). Each gene was aligned 151 using MUSCLE (Edgar, 2004) 
Estimation of Nucleotide Substitution Rates
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Both non-synonymous (dN) and synonymous (dS) substitution rates were calculated 174 using CODEML program in PAMLX (Xu and Yang, 2013) . The parameters set were 175 runmode = 0, seqtype = 1, CodonFreq = 2, estFreq = 0, model = 1, and cleandata = 1. 176 The ML tree shown in Figure 3 was the constraint tree. Figure S1 ). Among them, the Lagarostrobos 190 plastome is the largest. However, its gene density (0.81 genes per kb) is lower than 191 those of other seven taxa (0.86-0.91 genes per kb). As a result, Lagarostrobos has 192 the highest content of intergenic spacer (IGS) among the elucidated taxa (Table 1) . 193 Lagarostrobos also contains unusually abundant repeats, occupying 22.2% of its Only Lagarostrobos has duplicated rpl14 and infA (Figure 2 ; Figure S4 ). Distinct 211 substitution rates were observed between the paralogs of these two genes, 212 suggesting divergent evolution after the gene duplication. Lagarostrobos has 213 experienced several lineage-specific duplications of plastid tRNAs, including three 214 functional trnP-GGG, two functional and one pseudo (Ψ) trnL-CAA, and one 215 functional and one ΨtrnI-CAU ( Figure S1 ). In addition, Lagarostrobos has two ΨtrnD- 216 GUC copies that are tandemly arranged. 217 Overall, the pseudogene content in the Lagarostrobos plastome amounts to ca. 3.9 218 kb and includes partial sequences from 22 protein-coding genes, 7 tRNAs, and 1 219 rRNA ( Figure 2 ; Table 1; Table S2 ). Whereas, only 1-4 pseudogenes were detected in 220 other confamilial taxa (Table 1) Figure S1 ). In Lagarostrobos, ΨclpP is the most copy-number abundant, 223 with six copies scattered over the plastome (Table S2 ). They roughly match with 224 three distinct regions of the functional clpP ( Figure S5 (Figure 4) . The putative LCB order at each internode was inferred 250 on the basis of the tree shown in Figure 3 . Plastomic inversions that a species has 251 experienced were estimated by comparing its LCB order with that of its ancestors. 252 Our results show that Lagarostrobos has undergone at least five plastomic inversions 320 We discovered that Lagarostrobos has a highly rearranged and enlarged 321 plastome that contains abundant repeats (Table 1) . Previously, the cupressophyte 322 plastomes were documented to be 121.1-147.7 kb in size . With 323 our newly sequenced data, we revised the largest of the cupressophyte plastomes to 324 be 151.5 kb with the Lagarostrobos plastome holding the record. 325 Two mechanisms have been said to account for the enlargement of 326 plastomes: (1) expansion of IRs (Chumley et al., 2006) and (2) accumulation of IGS 327 sequences (Smith, 2018) . We ruled out the first mechanism because Lagarostrobos 328 lacks IRs (Figure 2 ). Instead, Lagarostrobos has more abundant repeats and IGS than 329 any other Podocarpaceae (Table 1) . Repeats play an important role in plastomic 330 rearrangements (Weng et al., 2014; Sveinsson and Cronk, 2014) . In addition, 331 genomic rearrangements have been associated with increased IGS content (Sloan et 332 al., 2012; Wu and Chaw, 2014) . In Lagarostrobos, some long non-syntenic IGS 333 regions (e.g. regions between LCB 11-7 and 12-10 in Figure 2 ) contain rich repeats, 334 implying that they are byproducts of repeat-mediated rearrangements. We also 335 found that, in Lagarostrobos, many duplicate genes are located in the repeat-rich 
Podocarpaceae plastomes contain extensive inversions and diverse sets of
Mechanisms underlying the enlarged Lagarostrobos plastome
